Microsaccade direction reflects the economic value of potential saccade goals and predicts saccade choice.
MICROSACCADES ARE SMALL-MAGNITUDE (usually Ͻ1°), ballistic eye movements that occur approximately once every second during attempted fixation [for reviews, see Hafed (2011) , Martinez-Conde et al. (2013) , and Rolfs (2009) ]. Except for their largely involuntary nature, microsaccades share much of the same neural circuitry and basic characteristics with larger saccades (Hafed and Krauzlis 2012; Martinez-Conde et al. 2013; Zuber et al. 1965) . Initially, microsaccades were thought to be useless, stochastic movements (Kowler and Steinman 1980) . Now, they are thought to participate in improving visual perception (Ditchburn 1980; Ditchburn and Ginsborg 1952; Martinez-Conde et al. 2004) , preventing retinal adaptation (Collewijn and Kowler 2008; Martinez-Conde et al. 2006; McCamy et al. 2014; Poletti and Rucci 2010; Troncoso et al. 2008) , and in the visual scanning of small spatial regions Ko et al. 2010; Otero-Millan et al. 2008 , 2013 Steinman et al. 1973) . Microsaccades benefit the performance of high-acuity tasks (Ko et al. 2010; Poletti et al. 2013; Rucci et al. 2007 ). Visual perception can be altered before microsaccades, and perceptual/motor responses are suppressed after microsaccades (Hafed 2011 (Hafed , 2013 Hafed and Krauzlis 2010; Herrington et al. 2009; Watanabe et al. 2014) . In turn, their production is not entirely random, as microsaccade occurrence, direction, and timing have been correlated to the appearance of sensory stimuli, attentional processes, and the degree of active fixation (Engbert and Kliegl 2003; Hafed and Clark 2002; Hafed et al. 2011; Rolfs et al. 2008; Watanabe et al. 2013) . Any relationship between saccade decision processes and microsaccades, however, is unknown.
Here, we hypothesize that microsaccades-one of our most common behaviors-are also predictive of evolving saccade decisions. To test this possibility, we adapted two decision tasks, foundational within the field of economics, to be amenable to eye tracking. During the value task, we systematically manipulated the expected value of two potential saccade targets across blocks of trials. Expected value is defined as the product of the probability of reward and the magnitude of that reward. Expected value-along with an individual's risk tolerance (Von Neumann and Morgenstern 1944) -is a critical determinant in choosing under uncertainty. During the mixedstrategy task, subjects played a saccade version of "matching pennies," a classic, competitive game used in the first formalization of game theory (Von Neumann and Morgenstern 1944) . The economic value was equivalent, on average, as subjects voluntarily chose between the two targets while engaged in a competitive game. Although previous work has established the behavior and underlying neural processes during these two decision tasks for saccades Dorris 2007, 2011; Thevarajah et al. 2009 ), there are no complimentary studies involving microsaccades.
Importantly, we attempted to minimize other factors known to influence microsaccades, most notably, attentional processes Hicheur et al. 2013; Pastukhov et al. 2013; Yuval-Greenberg et al. 2014 ) and visual stimuli (Hafed and Ignashchenkova 2013; Rolfs et al. 2008) . Previous attentional tasks required discrimination of a central/peripheral cue to perform the task correctly (Engbert and Kliegl 2003; Hafed and Clark 2002; Hafed et al. 2011 ). In the current tasks, there are no sensory cues to discriminate nor can attention be used to "solve" the tasks; in fact, we analyzed microsaccades during a period of complete darkness that preceded target presentation to remove any visual anchors that could facilitate visuospatial attention. Instead, decision processes that track the expected value of the targets or the outcomes of the interactions between the subject and opponent must be used to perform the task correctly. Put another way, rather than react to sensory cues on each trial, our subjects adjust decision criteria gained with experience over many trials to perform these tasks.
We found that microsaccade direction preceding these economic decisions was correlated to the value of the potential saccade goals and predictive of upcoming saccade choices. We discuss how decision processes may shape activity across the caudal superior colliculus (SC) to bias microsaccade direction.
MATERIALS AND METHODS

Monkey Experiments
Two male rhesus monkeys (Macaca mulatta) that weighed between 9 and 13.5 kg performed saccade eye-movement tasks for liquid reward. All procedures were approved by the Queen's University Animal Care Committee and complied with the guidelines of the Canadian Council on Animal Care. Animals were under the close supervision of the university veterinarian. Surgical procedures have been described previously (Munoz and Istvan 1998) .
Behavioral paradigms, visual displays, delivery of liquid reward, and storage of eye-movement data were under the control of a personal computer (PC), running a real-time data acquisition system (Gramalkn; Ryklin Software, New York, NY). Red visual stimuli (11 cd/m 2 ) were produced by a digital projector (In Focus SP4805; Duocom Canada, Saint-Laurent, QC, Canada; refresh rate, 100 Hz) and back projected onto a translucent screen that spanned Ϯ50°h orizontal and Ϯ40°vertical of visual space. Left-eye position was recorded at 500 Hz using an infrared eye-tracking system (EyeLink II; SR Research, Ottawa, ON, Canada). Data analysis was performed offline using MATLAB version R2011b (MathWorks, Natick, MA) on an Intel Core i7-3770 PC.
Human Experiments
A total of nine human subjects (6 men; 22-25 yr of age), with normal or corrected-to-normal vision, performed saccadic eye-movement tasks for monetary reward. Two subjects were coauthors (B. Xu and B. Zhang). All nine subjects performed the value task, and six performed the mixed-strategy task. All experimental procedures were approved by the Human Research Ethics Board of the Shanghai Institutes for Biological Sciences.
Behavioral paradigms, visual displays, and storage of eye-movement data were under the control of an Intel Core i7-3770 PC, running Psychophysics Toolbox (Brainard 1997) . Subjects sat in a chair in a dark, quiet room with their head placed on chin and head rests to centralize and stabilize their gaze on a computer monitor, situated 57 cm in front of the subject. The computer monitor (Dell P1913Sb; refresh rate, 60 Hz) spanned Ϯ38°horizontal and Ϯ30°vertical of visual space. A desk-mounted EyeLink 1000 infrared eye tracker (SR Research) sampled the position of the right eye at 1,000 Hz. Data analysis was performed offline using MATLAB version R2009b (MathWorks) on an Intel Core 2 PC.
Behavioral Paradigms
Value task. Monkeys received liquid reward and humans monetary reward for successfully completing one of two simple saccade tasks, sharing the same root structure (Fig. 1A) . A detailed description of macrosaccade behavior during these tasks has been published previously for monkeys (Milstein and Dorris 2011) and humans (Milstein and Dorris 2007) . Here, the previous monkey dataset was reanalyzed, whereas the human dataset was collected anew. Humans only conducted single-target trials, whereas monkeys conducted randomly interleaved two-target (25% of trials) and single-target (75% of trials) trials (see details for each trial type below). In each trial type, subjects were required to acquire and then hold their gaze within 3°of a centrally placed fixation point for 500 ms. The fixation point was then removed, and subjects continued to maintain central fixation before targets were presented 10°to the left and/or 10°to the right. We referred to this epoch as the "warning period," and it lasted 400 ms for monkeys and 600 ms for humans. The fixed duration of this period provided timing information that promoted the advanced preparation of upcoming saccades (Dorris et al. 1997; Saslow 1967) . For the possibility of receiving a reward, subjects had to direct a saccade toward a target within 70-1,000 ms of its presentation and maintain fixation within 3°of it for 300 ms. The intertrial interval was fixed at 1,000 ms.
For monkey subjects, there were 49 possible value blocks composed of seven reward-magnitude levels and seven probability levels (Table 1) . This dataset was obtained from a study initially designed to look at the effect of expected value on saccades rather than microsaccades (Milstein and Dorris 2011) . Because microsaccades were not forefront in our minds during these experiments, in some cases, eye-tracker calibration was too noisy during central fixation to detect microsaccades reliably. After removal of some blocks of trials, we were left with 43 and 27 blocks from monkeys B and H, respectively, for subsequent analyses. Despite this loss of data, we had Ͼ18,220 trials with 5,827 microsaccades during the 600-ms time period of interest. The same value condition was used for both single-and two-target trials during a given block. We defined relative expected value of the right target as
where p(T R ) and p(T L ) denote the proportion with which the right and left target appeared (single-target trials) or yielded a reward (twotarget trials), respectively, during a block of trials. r(T R ) and r(T L ) denote the reward magnitude in milliliter of water, allocated to the right and left targets, respectively. The value condition for the next block was randomly selected without replacement from Table 1. For human subjects, there were only five possible value blocks (Table 2), as it was not feasible to run all 49 value blocks used in monkeys. Reward was Chinese renminbi (RMB) rather than liquid reward. In humans, these five value conditions were much more explicit, in that both probability and reward moved together in lock step, whereas these two variables were often at odds with each other in the monkey.
Monkeys completed, on average, 12 blocks/day until satiated (usually between 8 and 15 blocks/day). Humans completed, on average, five blocks/day. Data from multiple experimental days were combined together for subsequent analysis. For monkeys, each value block consisted of 100 Ϯ 15 trials, and block transitions were not signaled. For humans, each value block consisted of 170 trials, and block transitions were signaled. In all cases, the first 20 trials of each block were discarded to give subjects time to learn the new value levels.
Two-target trials. Two-target trials were used to assess which of the two valued targets the monkeys preferred. These trials followed the aforementioned task structure with the following caveats. At the end of the warning period, both left and right targets were displayed simultaneously, and monkeys were free to saccade toward either. Receipt of reward was probabilistic. We refer to this measure of probability as reward probability. Reward probability and reward magnitude were fixed for each target throughout a block of trials. Humans did not perform two-target trials.
Single-target trials. Single-target trials were used to assess how saccade preparation was allocated across value blocks by measuring saccadic reaction time (SRT). Compared with discrete choices during two-target trials, SRTs were a more-continuous measure. These trials followed the general framework of the two-target trials, except that only one target was presented on each trial. Unlike two-target trials, reward was guaranteed if the subjects made a correct saccade to the target, but the probability of the target appearing in one of two locations varied between blocks. We refer to this measure of probability as target probability. Target probability and reward magnitude were fixed for each target throughout a block of trials.
Mixed-strategy task. Both monkey and human subjects competed in a saccade version of the mixed-strategy game, matching pennies against a dynamic computer opponent (Fig. 1B) . Descriptions of macrosaccade behavior during this task have been published previously for both monkeys (Lee et al. 2004; Thevarajah et al. 2009 ) and humans . Subjects were required to maintain central gaze fixation throughout the 800-ms presentation of the fixation point and after its removal during a fixed, 600-ms warning period. Subjects were free to saccade toward either of two simultaneously presented targets. After fixating the target stimulus for 300 ms, a red box, which indicated the computer opponent's choice, appeared around one of the targets for 500 ms.
Monkeys received a 0.3-ml liquid reward and humans 0.10 RMB reward if both players chose the same target and nothing otherwise. The computer opponent performed statistical analyses on the subject's For monkeys, the value task consisted of interleaved 2-target (25% of trials) and single-target (75% of trials) trials and for humans, only single-target trials. The fixation point was removed for a 400-and 600-ms warning period before target presentation for monkeys and humans, respectively. Targets were always presented 10°to the left and/or right of central fixation. The value of the targets was set during a block of trials through the combination of probability and reward levels (see Tables 1 and 2 for monkey and human, respectively). Two-target trials: 2 targets were always displayed, but reward outcome for choosing a target was probabilistic. For illustrative purposes, reward probability is denoted here by the size of the percentage sign (%). Single-target trials: only 1 of the 2 potential targets appeared, but reward was certain for choosing it. Note that during a particular value block, target probability and reward magnitudes in single-target trials equaled reward probability and reward magnitude in 2-target trials. The number of water drops and size of percent signs represent reward magnitude and probability, respectively. B: mixed-strategy task. The red arrows indicate the subject's possible saccade choices. For humans, the targets were always presented 10°to the left and right of central fixation. For monkeys, 1 of the saccade targets was always placed in the center of the response field of the neuron under study and the other target at the mirror-image location. The red box indicates the choice of the computer opponent. If both subject and computer chose the same target, then the subject received reward and nothing otherwise. history of previous choices and payoffs and exploited systematic biases in their choice strategy [for specific details, see algorithm 2 from Lee et al. (2004) ]. Therefore, subjects would maximize reward intake over time by choosing each target in equal proportions and unpredictably from trial to trial.
Data Analysis
Microsaccades detection and classification. We analyzed microsaccades during the last 200 ms of the fixation period and throughout the warning period of each task. If, during these periods, eye position deviated outside of the 3°check window surrounding central fixation, then the trial was aborted. In keeping with previous literature, we used different algorithms for the initial detection of microsaccades for monkeys and humans. Monkeys were head fixed, and their eye traces were more stable than humans, whose heads were immobilized only with chin and forehead rests. Monkey microsaccades were detected using velocity and acceleration criteria (Fig. 2 , A-D) (Hafed et al. 2009 ). To be considered for a microsaccade, first, eye velocity had to surpass 7°/s. Subsequently, the start and end time of microsaccades occurred when eye acceleration surpassed and then fell below 550°/s 2 , respectively. Human microsaccades were detected using the velocitybased algorithm described by Engbert and Mergenthaler (2006) (Fig. 2, E and F). Horizontal and vertical eye velocities during fixation were plotted in two-dimensional space. Independent horizontal and vertical thresholds were determined as 6 SD of background noise levels to make an elliptical threshold. To reduce noise further, movements needed to be at least 10 ms in duration to be considered a microsaccade. After the initial detection by computer algorithms, an experimenter visually verified the quality of all microsaccades.
In the value task, microsaccades were separated into leftward and rightward groups, based on whether their horizontal components were directed toward the hemifield that contained the 10°leftward or rightward targets. For polar-plot analyses, the rightward target direction was defined as 0/360°and leftward target direction as 180°. In the human mixed-strategy task, target locations were also at 10°right and left. However, in the monkey mixed-strategy task, data were collected during neuronal recordings. Therefore, target locations varied from experiment to experiment, such that one target was always placed in the center of the neuron's response field and the other in the mirrorimage location (Thevarajah et al. 2009 ). For the mixed-strategy task, microsaccades were not analyzed with respect to left/right direction or toward/away from the neuron's response field but relative to the direction of subsequent saccade choice. In this case, microsaccade direction toward the choice target was defined as 0/360°and the direction opposite the choice target as 180°. Congruent microsaccades had directions that fell within the hemifield that spanned clockwise from 90°to 270°, and incongruent microsaccades had directions that fell within the hemifield that spanned counterclockwise from 90°to 270°.
Temporal evolution of microsaccade rate and direction. To examine how microsaccade rate and direction evolved over time, we convolved the microsaccade rasters with a 100-ms-wide sliding window in 5 ms steps. Error bars indicated the SE for the rate analyses and 95% confidence interval for the proportion analyses. The 95% confidence intervals were estimated using the bootstrap technique (2,000 iterations with replacement) (Efron and Tibshirani 1994) .
Correlation between microsaccade direction and five value categories. To examine whether microsaccades were influenced by value of upcoming targets, we use a general linear model to fit the data. For the human data, the relative expected value of the five value blocks was used. Given the multiple value levels in the monkey data, the value blocks were grouped into five levels (see Fig. 4 ), and the center point of each grouping was used for fitting.
RESULTS
Monkeys and humans performed two economic saccade tasks (Fig. 1 ). For the value task (Fig. 1A) , the expected value of the two potential targets was systematically manipulated across blocks of trials (Tables 1 and 2 ). For the mixed-strategy task (Fig. 1B) , subjects were free to choose either of the two targets. Due to competition with an adaptive computer opponent, subjects' choices approached the Nash equilibrium, A: representative horizontal (blue) and vertical (red) eye-position traces during a single trial of the monkey value task. B: the first requirement for monkey microsaccade detection was surpassing the threshold level of 7°/s (horizontal line). C: the onset and offset of monkey microsaccades were determined as the point when the eye accelerated through 550°/s 2 and decelerated through Ϫ550°/s 2 , respectively (horizontal lines). D: monkey "main sequence" and distribution of microsaccade amplitudes. All data are from monkey B. E: human microsaccade detection. Independent horizontal and vertical velocity thresholds were calculated as 6 SD relative to background fixational noise (elliptical dashed line). F: representative human main sequence and distribution of microsaccade amplitudes. whereby they allocated ϳ50% of responses to each option and were relatively unpredictable from trial to trial. This behavioral equilibrium implies that subjects were, on average, indifferent between the two options, or put another way, each option had equal subjective value.
Therefore, we have two economic tasks: one, in which value was parametrically manipulated, and another, in which value hovers around equilibrium. Here, we examine how microsaccades are influenced during the period preceding such economic decisions. Two things of note: first, we did not design these experiments to look at microsaccades; instead, they were initially designed to examine the decision processes underlying larger saccades Dorris 2007, 2011; Thevarajah et al. 2009 ). Nevertheless, we hypothesize that evolving saccade decisions will also influence the production of involuntary microsaccades. Second, we focused our analysis on microsaccades made in complete darkness, just before choice. This is important, because unlike previous studies, the most salient factors were not sensory/attentional cues (Engbert and Kliegl 2003; Hafed and Clark 2002; Hafed and Ignashchenkova 2013; ) but the subjective value of potential targets and evolving decision processes.
Detecting Microsaccades and Their Basic Characteristics
Microsaccades occurred in all tasks during the initial fixation and subsequent warning periods preceding target presentation. Figure 2A shows a typical value task trial with a microsaccade and a larger target-directed saccade for comparison. For headfixed monkeys, microsaccades were detected using a combination of velocity (Fig. 2B ) and acceleration criteria [ Fig. 2C ; see Methods in Hafed et al. (2009) ]. For humans, whose heads were stabilized with forehead and chin rests, microsaccades were detected when velocity surpassed 6 SD from background fixational noise [ Fig. 2E ; see Methods in Engbert and Mergenthaler (2006) ]. Like larger saccades, microsaccades followed the "main sequence" relationship between amplitude and peak velocity (Fig. 2, D and F) . Consistent with previous literature (Martinez-Conde et al. 2009 ), the vast majority of microsaccades was between 0.1°and 1°in amplitude in both species (Fig. 2, D and F) . The median amplitude of monkeys' microsaccades was 0.32°and humans 0.77°. We will avoid a statistical comparison of microsaccade characteristics between species because of the small number of monkey subjects, different detection algorithms, and slight differences in experimental methods.
Microsaccade Frequency Was Modulated in Advance of Saccades
Microsaccade frequency was relatively stable during the fixation period but became modulated ϳ100 ms into the warning period (Fig. 3) . Some subjects showed a rebound in microsaccade frequency, 100 -400 ms into the warning period. Other subjects displayed a decrease in microsaccade frequency that remained low throughout the remainder of the warning period. This variability may result, in part, from differences in subjects (Watanabe et al. 2014) , species (Martinez-Conde et al. 2009 ), and warning-period durations, used here across species. Consistently, microsaccade frequency was lowest at the end of the respective warning periods, just before target presentation, suggesting that expected saccade timing influenced microsaccade generation Pastukhov and Braun 2010) .
Determining the Subjective Value of Saccades
To test properly whether microsaccades are influenced by economic value, we needed a method for determining the subjective rather than the objective, expected value of saccades. For humans, we had five value conditions that differed explicitly (Table 2 ). For monkeys, the determination of subjective value was more complicated, in that for many value blocks, probability and reward were at odds with each other (e.g., some Table 1 blocks had high reward but low probability). Therefore, to assess subjective value, we capitalized on the interleaved two-target ( Fig. 1A ; 25% of trials) and singletarget ( Fig. 1A ; 75% of trials) trial structure of the value task. We have reasoned elsewhere (Milstein and Dorris 2011 ) that the respective choice and SRT outcomes provide overt measures of how objective, expected value is related to subjective value for individual subjects. Indeed, the relative difference in SRT between left and right directions in single-target trials lawfully reflected choice preferences during interleaved, twotarget trials [ Fig. 4 ; correlation coefficient (r 2 ) ϭ 0.97 Monkey B, and r 2 ϭ 0.99 Monkey H; logistic function, P Ͻ 0.01]. Relative expected value broadly influenced both of these metrics, in that there was a gradual transition from blue to red points on this graph along both the abscissa and ordinate. More precisely, however, the relationship between choice and SRT is shaped by subjective value, as evidenced by certain value blocks whose ordering does not follow a smooth transition from blue to red. Therefore, this logistic function reflects how each monkey subjectively valued saccade targets. Microsaccade events were too rare to examine each of the 49 value conditions individually. Therefore, we grouped blocks into five subjective value categories, shown in Fig. 4 [i.e., very low, low, equal, high, very high value of right target], as determined by choice proportions during two-target trials. This allowed us to collapse many blocks of trials with similar subjective values, together both within and across our monkeys. Note that due to the very high correlation between choice and SRT, alternatively, we could have grouped value blocks based on SRT with little difference in subsequent results.
To justify using subjective value to analyze our data, we needed to show that it was better correlated to microsaccade direction than other variables (i.e., objective value, probability, reward). To do so, we analyzed microsaccades similarly to how we analyzed macrosaccades during value manipulations in our companion paper (Milstein and Dorris 2011) . Microsaccade direction was significantly correlated with both subjective and objective value (Table 3) . To test whether subjective value provided a significantly better fit than objective value, we include these two decision variables in the single model, Y ϭ a1·subjective value ϩ a2·objective value, where Y is "proportion of rightward microsaccades." We only found significant positive correlation between subjective value and microsaccade direction (Monkey B: a1 ϭ 0.55, P Ͻ Ͻ 0.001, and a2 ϭ 0.22, P ϭ 0.08; Monkey H: a1 ϭ 0.49, P ϭ 0.0016, and a2 ϭ 0.28, P ϭ 0.18).
The Effect of Subjective Value on Microsaccade Direction Evolves over Time
Having determined the subjective value of potential saccades, we then asked whether subjective value also influenced the direction of microsaccades. Qualitatively, microsaccade direction tracked the subjective value of the upcoming saccade targets during the warning period (Fig. 5, A and E) . Monkeys had an additional task-independent, rightward bias. Similar biases in microsaccade direction have been seen in other contexts previously (Engbert and Kliegl 2003; Hafed et al. 2011) . For individual subjects, the manner in which microsaccade direction was influenced by value was remarkably consistent across subjects (Fig. 5, B and F) . Microsaccade direction was positively correlated with subjective value for all of the monkey and human subjects. Therefore, within each species, the data were combined across subjects for the value analysis that follows. To quantify the influence of subjective value on microsaccades, we grouped microsaccades into rightward and leftward categories, based on in which hemifield their horizontal component landed (Fig. 5, A and E) . This analysis revealed how value influenced microsaccade direction over time (Fig. 5, C and G) . A general linear regression established that value and time had significant effects on microsaccade direction ( The slope of the regression during the warning period was significantly larger than during fixation in both human and monkey subjects (all P Ͻ Ͻ 0.001, t-test, SE estimated by bootstrap, 100 resamples with replacement).
A possible confusion is that microsaccade direction is influenced by the probability of making a saccade rather than subjective value. We can rule this possibility out, because unlike subjective value, saccade probability was not significantly correlated with microsaccade direction (Table 3 ; monkey B: r 2 ϭ 0.04, P ϭ 0.19; monkey H: r 2 ϭ 0.07, P ϭ 0.18).
Microsaccades Predict Future Mixed-Strategy Choices
The goal of the previous task was to determine how microsaccades were influenced by subjective value by explicitly manipulating value across blocks of trials. Here, our aim was to isolate the influence of choice processes on microsaccades, while value remained constant. To do so, we relied on the 
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Relative expected value of right targets Fig. 4 . Method for determining the subjective value of saccades. Across value blocks, there was a strong relationship between saccade choices and saccade reaction time (SRT). Saccade choice and SRT difference were calculated during interleaved 2-and single-target trials, respectively. The relative expected value of the right target for each block is indicated by the heat map legend. Based on choice proportion during 2-target trials, blocks were grouped into 5 subjective value conditions for subsequent analysis, as indicated by the horizontal shading [i.e., very low, low, equal, high, very high]. Note that all of the possible 49 value blocks were not represented for each monkey, due to removal of some blocks contaminated by eye-trace noise.
game-theoretic concept of the Nash equilibrium. During a game, such as matching pennies (Fig. 1B) , players approach the Nash equilibrium strategy (Nash 1950) , whereby they are, on average, indifferent to the available options, as evidenced by an equal distribution, and relatively stochastic pattern of choices (Lee et al. 2004; Thevarajah et al. 2009 Thevarajah et al. , 2010 . Given this equivalency in value between the two options, are microsaccades influenced by and predictive of the upcoming choice itself? First, we looked at the influence of upcoming choices on microsaccade direction (Fig. 6A) . The monkey dataset was collected, while simultaneously recording single neurons in the intermediate layers of the SC (Thevarajah et al. 2009 ). Target location varied from experiment to experiment, such that one target was always placed in the center of the neuron's response field and the other in the mirror-image location. The human dataset was collected anew, and the targets were always located 10°to the right and left. Here, we examined whether microsaccades were directed toward (i.e., congruent) or away (i.e., incongruent) from the direction of upcoming saccadic choices. Overall, microsaccades were strongly biased toward the congruent hemifield. The human microsaccade population vector (Fig. 6D) was directed toward 353°, and the monkey microsaccade population vector (Fig. 6A ) was directed toward 334°or both slightly clockwise of the true congruent target vector. Given the variability in target locations during the monkey mixed-strategy task, this polarplot analysis suggests that microsaccades are directed toward specific locations of choice targets.
Second, we examined how microsaccade frequency and choice predictability evolved over time. Like the value task, microsaccade frequency was modulated shortly after the onset of the warning period, showed variability among subjects, and consistently reached a minimum just before target presentation (Fig. 6, B and E) . Microsaccade direction became predictive of upcoming choice during the warning period that preceded that choice. Specifically, the 95% confidence intervals indicate that microsaccades predicted upcoming choices significantly better than chance, beginning 132 and 118 ms into the warning period for monkeys (Fig. 6C) and humans (Fig. 6F) , respectively. In both species, predictability hovered ϳ80% during the remainder of the warning period. Together, results from the mixedstrategy task indicate that microsaccades are predictive of upcoming saccade choices as the deadline for making the choice approaches.
DISCUSSION
Our results indicate that microsaccade directions are influenced by evolving saccade decisions. As the economic value of saccade targets was manipulated, microsaccade direction became correlated to subjective value (Fig. 5) . When economic value was near equilibrium during a mixed-strategy game, microsaccades became predictive of future choices (Fig. 6) . We propose that these results can be best understood as the dynamic transition of activity in the SC from the rostral pole to caudal saccade regions in the time leading up to saccade decisions. Lastly, the similarity between human and monkey A and E: polar plots of microsaccade direction from 100 ms after fixation-point offset to end of warning period (bin width ϭ 10°). The distance from the center represents the proportion of microsaccades. An angular direction of 0 represents purely rightward microsaccades. Each color represents data for the 5 subjective value conditions shown in Fig. 4 . For subsequent analyses, microsaccades were categorized into leftward and rightward, based on the hemifield in which they fell (solid, vertical lines). B and F: ratio of microsaccades directed into rightward hemifield across value levels. Each symbol represents data from an individual subject, and lines show the corresponding best linear fits. C and G: each line represents the proportion of rightward microsaccades across the 5 subjective value categories calculated with a 100-ms-wide sliding window moving in 5 ms steps. The shaded regions represent 95% confidence intervals, calculated by bootstrapping Ͼ2,000 iterations with replacement. The horizontal bars along the abscissa indicate the time periods of analyses used for D and H. Note the final epoch extends to the end of the warning period, but because of the 100-ms-wide sliding window, the graph does not appear to extend that far. D and H: mean proportions Ϯ SE of rightward microsaccades across 5 subjective value conditions sampled during the successive epochs shown in C and G.
results suggests that monkeys make a suitable animal model to examine the underlying neural mechanisms of how such decision processes influence microsaccade generation.
Microsaccades As a Dynamic Readout of SC Activity?
The intermediate and deep layers of the SC are critical for the generation of microsaccades, particularly its most rostral poles. The rostral poles are tonically active during fixation and pause during large saccades (Munoz and Wurtz 1993) . In addition, neurons at the rostral pole display bursts of activity associated with microsaccades of a particular direction and amplitude (Hafed et al. 2009; Munoz and Wurtz 1993) . The current consensus is that microsaccades are generated toward the location associated with the rostral population activity that surpasses a threshold level (Hafed et al. 2009; Hafed and Krauzlis 2012) .
During tasks with a warning period, rostral activity remains high while the fixation point is present and decreases during the warning period as the time of target presentation and the saccadic response approaches (Dorris and Munoz 1995; Dorris et al. 1997) . This decrease in rostral pole activity coincides with a decrease in microsaccade frequency, observed initially after the removal of the fixation point that reaches a minimum just before target presentation (Figs. 3 and 6, B and E) . Presumably, this is because early, high activity at the rostral pole is more likely to surpass threshold, and later, low activity is less likely to surpass threshold. It is unclear from this account why some subjects showed a rebound in microsaccade frequency in the middle of the warning period, although such rebounds have been reported previously (Watanabe et al. 2014) . Others have suggested that (micro)saccade production is controlled, in part, by an oscillatory rhythm, and stimuli onsets or offsets can reset this oscillator (Hafed and Ignashchenkova 2013) . Therefore, fixation-point offset may reset the microsaccade oscillatory rhythm, such that a rebound occurs a few hundred milliseconds into the warning period.
Whereas the level of activity at the rostral pole may influence the frequency of microsaccades, we propose that the distribution of activity across the caudal SC affects microsaccade direction. Early in the trial during active fixation, activity is centered on the rostral pole, and there is little activity in the caudal SC. Therefore, microsaccade directions are distributed relatively evenly. Concomitant with the decrease in rostral pole activity during the warning period is an increase in caudal activity on the SC map coinciding with the two possible targets (Dorris et al. 1997; Thevarajah et al. 2009) . If the potential saccade targets are of similar value, such as during the equal subjective value condition in the value task (Fig. 5, D and H) , then microsaccades will be directed toward possible target locations more so than toward target-free locations.
If, instead, differences in subjective value or ongoing decision processes induced biases in SC activity associated with one of the possible target locations, then microsaccades will preferentially be directed toward those locations. Such biased activity has been observed in the caudal SC related to visuospatial attention, motor preparation, probability, reward, and evolving strategic decisions (Basso and Wurtz 1998; Dorris and Munoz 1998; Goldberg and Wurtz 1972; Ignashchenkova et al. 2004; Ikeda and Hikosaka 2003; Kustov and Robinson 1996; Thevarajah et al. 2009 ). We suspect that microsaccade direction will be biased by any process that biases the relative activation across the SC map. In the current decision context, bigger differences in subjective value and more time for selection processes to evolve lead to more reliable directional biases in microsaccades. The mechanism by which biases in caudal SC activity influence microsaccade direction is unclear. One possibility is that activity at caudal locations on the map "pulls" the activity at the rostral pole toward its location (Hafed et al. 2009 ). Thus the center of the rostral population, whose activity surpasses threshold, and the concomitant microsaccade that it generates would more likely be directed toward the biased caudal location. In support of this, inactivation of caudal SC causes microsaccades to be "repulsed" away from the inactivated site toward the intact SC locations , and rostral pole neurons have well-defined response fields that are correlated to specific microsaccade vectors (Hafed et al. 2009 ). Another possibility, also consistent with this inactivation result, is that microsaccade direction is not determined solely by the precise location at the rostral pole where activity surpasses threshold but is also affected by all of the subthreshold activity across the caudal SC map (Lee et al. 1988) . In this case, the surpassing of threshold activity at the rostral pole would send a command to brain stem saccade circuitry to initiate the microsaccade. However, a weighted average of supra-and subthreshold activity across the entire SC map would be decoded by the brain stem saccade circuitry to determine the exact microsaccade vector (Moschovakis et al. 1998) . Given that the location of burst activity at the rostral pole is so precisely correlated with the ultimate microsaccade vector (Hafed et al. 2009 ), this latter scenario seems less likely or at a minimum, requires very fast feedback from the brain stem saccade generating circuitry.
Microsaccades As a Tell of Evolving Saccade Decisions
Rather than think of microsaccades as being influenced by evolving decision processes, one could also think of microsaccades as a reliable "tell" or predictor of future decisions. A tell is an involuntary, usually unconscious behavior that provides observers a reliable cue of the signaler's cognitive state or future intentions. Classic examples include an athlete telegraphing a pass or a poker player whose behavioral tic reveals the strength of his hand. Although there are proponents who claim to hold the key for detecting and exploiting tells across a number of disciplines (Caro 2003; Houston et al. 2012; Pease and Pease 2008) , evidence for the scientific validity of tells is anecdotal or lacking (Bond and DePaulo 2006; Wiseman et al. 2012) . Here, we provide evidence that microsaccades are a reliable tell of both a cognitive state (i.e., subjective valuation) and future intentions (i.e., upcoming saccade choice).
In competitive social interactions, individuals may use strategies, including concealment, deceit, and unpredictability, to obfuscate tells (Driver and Humphries 1988; Krebs and Dawkins 1984; Miller 1997) . Recently, researchers have found limited evidence that observers can discern the intentions of others. For example, naïve observers are better than chance at discerning whether poker players hold a strong hand (Slepian et al. 2013) or in judging the degree to which actors are confident in their own actions (Patel et al. 2012) . Although this research suggests that people may have some intuition for detecting tells, the ability to pinpoint which particular behavior makes an effective tell has been elusive (Desteno et al. 2012) . In contrast, microsaccades are well characterized and remarkably reliable, with a Ͼ90% r 2 for valuation and up to 80% reliability for voluntary choice.
We do not want to overstate our findings to suggest that microsaccades are a tell of all economic decisions under all contexts. Here, we address a number of important caveats. First, do these results hold if the action being planned involves motor effectors other than saccadic eye movements (e.g., hand) and sensory modalities other than vision (e.g., auditory)? Ultimately, the subjects were engaged in two visuosaccadic tasks in which economic factors may have influenced the SC map and were transformed into saccadic plans. Decision processes influenced microsaccade direction most strongly during the complete darkness of the warning period, which indicates that immediate visual inputs are not required for these effects. It is possible that microsaccades would be unaffected if the economic decisions were not visual or saccadic in origin. Other sensory modalities and motor effectors are represented within the primate SC [for reviews, see Gandhi and Katnani (2011) and Stein and Meredith (1993) ], albeit more weakly.
Second, these results may only hold when economic decisions are represented in the spatial domain of "action value" (Cisek and Kalaska 2010) rather than the abstract, nonspatial domain of "good value" (Padoa-Schioppa 2011). That is, microsaccade direction may only index subjective value and upcoming choices in our immediate visual field (e.g., grocery items on a shelf). Economic decisions made in the abstract and independent of spatial coordinates (e.g., whether to buy Apple or IBM stock) may not affect microsaccade direction.
Third, are our microsaccade findings a direct result of evolving decision processes, or are we simply observing indirect effects of attention and/or saccade preparation processes? It is well established that attention biases microsaccades direction, whether using centrally located endogenous cues or peripheral exogenous cues (Engbert and Kliegl 2003; Galfano et al. 2004; Hafed and Clark 2002; Hafed et al. 2011; Hicheur et al. 2013; Laubrock et al. 2005 Laubrock et al. , 2010 Pastukhov et al. 2013; Rolfs et al. 2005; Wang et al. 2016) . The influences of these cognitive processes need not be mutually exclusive or independent. For example, the premotor theory of attention posits that visuospatial attention is allocated along with saccade preparation (Kan et al. 2012; Kustov and Robinson 1996; Rizzolatti et al. 1987 ). There may exist a similar relationship between the decision processes studied here and attentional and/or preparatory processes. Given the decisional nature of the tasks that we used and the strong correlation that microsaccades had with the underlying decision theory, we propose that decision processes are the ultimate cause for microsaccade bias. However, these decision processes can lead to an efficient allocation of attentional and/or preparatory resources that may act as more proximal causes for microsaccade biases. Ultimately, we suspect that any factor (e.g., decisional, attentional, preparation, sensory, among others) that biases activity across the SC map will lead to an associated bias in the microsaccade direction. The testing of this will require further neurophysiological experimentation.
Conclusion
Our findings may have particular significance in light of recent advances and ubiquity of eye-tracking technology. The latest generation of computers, mobile electronic devices, cars, and video games is incorporating eye tracking. Use of these technologies is highly visuosaccadic and requires the computation of the value of potential targets in action-value space.
Nonverbal animal signals can be used cooperatively to aid both the signaler and the receiver, such as during joint attention and gaze following (Eilan et al. 2005; Itakura 2004) . With other signals, however, animals want to hide, randomize, or use them deceptively, so competitors cannot exploit them. It has been suggested that an evolutionary "arms race" (Krebs and Dawkins 1984) ensues, whereby the signalers develop better methods to obfuscate exploitable signals in tandem with the improved ability of receivers to detect such signals. The high reliability of "exploitable" microsaccades may seem to be an exception to this arms race; however, their extremely small size has likely made them undetectable to competitors. For better or for worse, such inexpensive, accurate, and ubiquitous eye-tracking technology may soon allow others access to these highly reliable tells of evolving economic decisions.
